Members of the basic helix-loop-helix (bHLH) family of transcription factors have been shown to control development and differentiation of a variety of cell types. We describe a novel bHLH protein, called capsulin, which is expressed specifically in mesodermally-derived cells that surround the epithelium of the developing gastrointestinal, genitourinary and respiratory systems during mouse embryogenesis. Capsulin transcripts also mark the spiral septum of the heart and progenitor cells that give rise to the pericardium and coronary arteries. Capsulin shares high homology with a recently identified bHLH protein from Drosophila, called bHLH102C, which is expressed in visceral muscle cells that surround the midgut. Capsulin binds a specific E-box consensus sequence (CANNTG) as a heterodimer with the widelyexpressed bHLH protein E12, but it does not activate transcription through that sequence on its own. Its restricted expression pattern and DNA binding activity suggest that capsulin regulates gene expression in specific subtypes of visceral mesodermal cells involved in organogenesis and in precursor cells that contribute to the pericardium, coronary arteries and regions of the heart.
Introduction
Organogenesis during development requires organization of specialized cells from different lineages into preciselypatterned tissues that perform unique functions. Receipt of nutrients and oxygen and removal of waste from internal tissues is dependent upon tubular networks that make up the cardiovascular, respiratory, gastrointestinal and genitourinary systems. The tubular networks comprising these systems form in a highly stereotypic fashion from epithelial cells that surround a central lumen that penetrates the tissues. Whereas there has been rapid progress in recent years toward defining mechanisms that control tissue-specific gene expression and differentiation at the cellular level, relatively little is known about the molecular pathways that control the formation or patterning of internal organ systems.
Numerous cell type-restricted basic helix-loop-helix (bHLH) transcription factors have been identified and shown to control cell fate specification, differentiation and morphogenesis during development (Jan and Jan, 1993; Kadesch, 1993) . In the skeletal muscle lineage, for example, the myogenic bHLH factors, MyoD, myogenin, Myf5 and MRF4, act in a genetic pathway to specify myoblast identity and to activate muscle structural genes during differentiation (Molkentin and Olson, 1996; Yun and Wold, 1996) . Similarly, there are bHLH factors that control neural development (Lee et al., 1995) , cardiac morphogenesis (Srivastava et al., 1995 (Srivastava et al., , 1997 and pancreatic development (Naya et al., 1995 (Naya et al., , 1997 .
Cell type-specific bHLH proteins, called Class B bHLH proteins, dimerize preferentially with ubiquitous bHLH proteins, called Class A bHLH proteins or E proteins, and bind the E-box consensus sequence (CANNTG) in the control regions of target genes (Murre et al., 1989) . Amino acid differences in the basic regions of Class B bHLH proteins allow them to discriminate between E-boxes that contain different nucleotides in the center of, and surrounding, the dyad symmetrical consensus sequence. Additional specificity of target gene activation is achieved through combinatorial interactions between bHLH protein heterodimers and other ubiquitous and cell type-restricted transcription factors. dHAND and eHAND (Cserjesi et al., 1995a; Srivastava et al., 1995) , also referred to as Hed/Thing-2 and Hxt/Thing-1 (Cross et al., 1995; Hollenberg et al., 1995) , respectively, represent a novel subclass of cell type-restricted bHLH factors that have been shown to play important roles in cardiac morphogenesis (Srivastava et al., 1995 (Srivastava et al., , 1997 Firulli et al., 1998) . During embryogenesis, these factors are expressed throughout the developing heart tube, as well as in certain neural crest derivatives. In addition, dHAND is expressed in the deciduum, whereas eHAND is expressed in extraembryonic membranes.
In an effort to identify novel bHLH factors related to dHAND and eHAND, we screened expressed sequence tag (EST) databases for sequences with homology to the bHLH regions of these factors. Here we describe a novel bHLH protein, called capsulin, which was identified from this search. During mouse development, capsulin is expressed in mesodermally-derived cells that encircle the epithelial lumens within the gastrointestinal, genitourinary and respiratory systems. In addition, capsulin is expressed in the spiral septum of the heart and marks a specific population of epicardial precursor cells fated to form the coronary arteries. Intriguingly, the bHLH region of capsulin shares high homology with a recently-identified bHLH factor from Drosophila, called bHLH102C, which is expressed in visceral muscle cells that surround the gut (Georgias et al., 1997) . Capsulin binds DNA as a heterodimer with E12 and is likely to be a regulator of gene expression in mesodermally-derived cells that participate in formation of visceral organs and regions of the cardiovascular system.
Results

Identification of capsulin from the EST data base
In an effort to identify novel cell type-restricted bHLH proteins, we searched databases of expressed cDNAs for sequences with the potential to encode proteins with homology to the bHLH region of dHAND. This search yielded potential open reading frames of two novel bHLH proteins that were closely related. We focused on one of these factors, which we named capsulin, based on its expression pattern in the mesenchyme which encircles the epithelium of numerous internal organs (see below). We refer to the (Georgias et al., unpublished data) , dHAND (Srivastava et al., 1995) , eHAND (Cserjesi et al., 1995a) , paraxis (Burgess et al., 1995) , Scleraxis (Cserjesi et al., 1995b) , twist (Wolf et al., 1991) , Dermo-1 (Li et al., 1995) , SCL-1 (Begley et al., 1991) , lyl-1 (Mellentin et al., 1989) , MASH-1 (Johnson et al., 1990) and myogenin (Edmondson and Olson, 1989) .
other protein as capsulin-like protein-1 (CLP-1). The conceptual reading frames of capsulin and CLP-1 and their homologies with other bHLH proteins are shown in Fig. 1 . Capsulin and CLP-1 are nearly identical within their bHLH regions. They also share high homology with a recentlydescribed bHLH protein, bHLH102C, from Drosophila, which is expressed in specific subsets of visceral muscle precursors in the embryo (Georgias et al., 1997) . The basic regions of capsulin and CLP-1 are most similar to that of paraxis.
The human capsulin EST lacked coding sequence from the 5′ end. We therefore screened an E15 mouse embryo cDNA library with this partial cDNA and isolated clones that encompassed the entire open reading frame. The deduced amino acid sequence of capsulin contains 179 amino acids (Fig. 1A) , with a predicted Mr = 19 681 and pI = 9.15. Outside the bHLH region, the capsulin protein does not show significant homology to other proteins in the database. We have not isolated full-length cDNAs for CLP-1, so it remains to be determined whether capsulin and CLP-1 share homology outside the bHLH region.
Embryonic expression pattern of capsulin
During mouse embryogenesis, capsulin transcripts were first detected by whole-mount in situ hybridization at about E8.5 in mesodermal cells posterior to the heart ( Fig. 2A) . By E9.5, capsulin expression was especially prominent in the pericardial region and the septum transversum (Fig. 2B) .
To further define the sites of capsulin expression, in situ hybridization was performed on embryo sections. In sections from 10.5 days post coitus (dpc) embryos, capsulin expression was restricted to the mesoderm surrounding the foregut, stomach and hindgut (Fig. 3A) . Expression was also prominent in the mesoderm subjacent to the endodermal lining of the coelomic cavity, as well as in the periphery of the dorsal aorta. Within the developing heart, capsulin transcripts were expressed in the mesenchyme of the spiral septum and endocardial cushions, and in the epicardium. The epicardial signal extended over the common atrial and ventricular chambers and was most dramatic in the atrioventricular sulcus (Fig. 3B) . At E11.5, the distribution of capsulin expression was similar to that described above and became prominent in the mesoderm surrounding the esophagus and tracheal diverticulum and the urogenital sinus (Fig. 3C,D) . In sections from 12.5 dpc embryos, expression was evident in mesenchyme of the lung, the metanephros and surrounding the gonads (Fig. 4A,B) . The epicardial signal persisted and at the base of the ventricle extended below the epicardial layer into the superficial myocardium (Fig. 4C ). In addition, distinct expression was apparent in the spiral septum of the aorticopulmonary trunk ( Fig. 4E) . At E13.5, the expression pattern in the gut was distinctly laminated Fig. 5A-C) . The peripheral layers of smooth muscle were negative, the signal being confined to the submucosal layer which gives rise to the lamina propria. The signal remained prominent in the blastema of the metanephros and in the mesenchyme surrounding the adrenals, gonads and ureter ( Fig. 5E-F) .
Adult expression of capsulin
In situ hybridization of adult tissues revealed that expression was restricted to the podocytes lining the glomerulus (Fig. 6A) , to interstitial cells of the heart (Fig. 6B) and to interstitial cells within the alveolar walls in the lung (Fig.  6C) . Expression was evident in the submucosa of the urinary bladder, in the lamina propria and submucosa of the gut, and Fig. 2 . Whole-mount in situ hybridization of capsulin transcripts. Capsulin transcripts were detected in E8.5 (A) and E9.5 (B) embryos by whole-mount in situ hybridization. At these stages, transcripts are localized to the heart (h). , esophagus; hg, hindgut, l, liver; m, midgut; s, stomach; t, trachea; th, thymus; ugs, urogenital sinus; v, common ventricular chamber. in the stroma of the uterus. In the smooth muscle layers of the gut, bladder and uterus, the signal was limited to interstitial connective tissue. The differentiated smooth muscle layers surrounding these organs were negative (data not shown). Sections hybridized with sense probes were uniformly negative.
We examined the expression pattern of capsulin mRNA in adult mouse tissues by Northern blot. Consistent with results from in situ hybridization, a single capsulin transcript of about 1.4 kb was detected at the highest levels in lung, with lower levels in kidney, heart and spleen (Fig. 7) . We did not detect capsulin transcripts above background levels in brain or skeletal muscle.
DNA binding of capsulin: E12 heterodimers
To test for DNA binding activity of capsulin, we translated the protein in a rabbit reticulocyte lysate in the pre- Fig. 4 . Expression of capsulin in 12.5 dpc mouse embryos. Sections of mouse embryos at 12.5 dpc were hybridized with a capsulin antisense probe and photographed with dark-field illumination. (A) Sagittal section illustrating the signal in the mesenchyme of the stomach, midgut, lung, testis and metanephros. (B) Higher magnification of (A) illustrating the mesenchymal signal. The signal extends into the gastric omentum. The epithelial cells in the lung, gut and mesonephros are negative. (C) Higher magnification of (A) illustrating the pericardial signal which is most prominent in the atrioventricular sulcus. Note that the signal extends beneath the epicardium. (D) Transverse section through the heart. Signal is evident around the esophagus, primary bronchi and the epicardium especially in the atrioventricular sulcus. (E) Expression is evident in the spiral septum of the aorticopulmonary trunk. (F) Transverse section at the level of the gonads. The mesenchyme surrounding the hindgut and within the metanephros and gonad is positive. Scale bar, 300 mm. a, left atrial chamber; br, primary bronchi; e, esophagus; g, gonad; hg, hindgut; l, liver; lu, lung; m, midgut; mt, metanephros; s, stomach; ss, spiral septum; t, trachea; th, thymus; ugs, urogenital sinus; v, left ventricular chamber. sence and in the absence of E12 and performed gel mobility shift assays with a variety of E-box sequences as probes (Fig. 8) . Capsulin alone failed to bind any of the sequences tested. E12 bound the right E-box from the muscle creatine kinase (MCK) enhancer avidly as a homodimer. In the presence of E12 plus capsulin, a DNA complex was generated with this probe that migrated faster than the E12 homodimeric complex, representing the binding of capsulin:E12 heterodimers. Previous studies have shown that this sequence also binds heterodimers of E proteins and myogenic bHLH factors with high affinity (Brennan and Olson, 1990) . Competition experiments demonstrated that binding of capsulin:E12 to the MCK right E-box was sequence-specific and was competed by excess unlabeled probe but not by other E-box sequences.
We also examined the ability of capsulin to dimerize with E-proteins, using a yeast two-hybrid assay with a GAL4-dependent lacZ reporter gene. In this assay, capsulin was fused in-frame to the DNA binding domain of yeast GAL4 and was shown to interact with the bHLH regions of the E- Fig. 5 . Expression of capsulin in 13.5 dpc mouse embryos. Sections of mouse embryos at 13.5 dpc were hybridized with a capsulin antisense probe and photographed with dark-field illumination. (A) Transverse section through the liver. Expression is prominent in the lung, gut and urogenital sinus. (B) Higher magnification of the gut. The signal is restricted to the lamina propria of the gut. The epithelium and muscle layers are negative. (C) Section through the exocoelomic midgut. The signal is limited to the lamina propria and the mesentery of the midgut. (D) Transverse section through the heart. The expression is prominent around the esophagus and in the epicardium. (E) and (F) Transverse section at the level of the gonads. The signal is prominent in the wall of the stomach, in the mesenchyme of the metanephros, the wall of the hind gut and surrounding the ureters and testes. Scale bar, 300 mm. a, right atrium; ad, adrenal; br, primary bronchi; e, esophagus ; hg, hindgut; l, liver; lu, lung; m, midgut; mt, metanephros; p, pancreas; s, stomach; th, thymus; ts, testicle; u, ureter; ugs, urogenital sinus; v, left ventricular chamber; vbw, ventral body wall. proteins E2A, E2-2, and HEB fused to the GAL4 activation domain (data not shown).
Discussion
Capsulin is a novel bHLH protein with a highly specific expression pattern in mesodermal precursors that encircle the tubular networks within the gastrointestinal, respiratory and genitourinary systems. Within these visceral organ systems, capsulin expression appears to be localized to cells that eventually give rise to an interstitial layer immediately adjacent to the epithelial lumens of tubular structures, as well as to precursors of visceral smooth muscle. However, capsulin expression is downregulated in differentiated visceral smooth muscle cells, making it unlikely to be a direct activator of smooth muscle structural genes. In the adult, expression of capsulin is restricted to mesenchymal cells of visceral organs, with the exception of the kidney, in which expression is restricted to the glomerular visceral epithelial cells lining the glomerular tufts (podocytes). The podocytes represent induced metanephric mesenchyme (Kanwar et al., 1997) .
In addition to its expression in the above organ systems, capsulin marks several unique cell populations in the developing heart. Capsulin expression is initially detected within the pericardial mesoderm in the region of the septum transversum at about E8.5. Lineage-tracing experiments in chick and quail embryos have shown that these pericardial precursor cells migrate over the surface of the heart and give rise to the visceral pericardium and to both smooth muscle and endothelial cells of the coronary vessels (Virace and Challice, 1981; Mikawa and Fischman, 1992; Mikawa and Gourdie, 1996; reviewed in Noden et al., 1995) . As there have been no specific markers for this precursor population identified previously, capsulin provides a useful marker for analysis of this cell population. Later during cardiogenesis, capsulin is expressed in the spiral septum and aorticopulmonary trunk of the developing heart as well as in the atrioventricular groove, which foreshadows the location of the coronary arteries. In the adult heart, capsulin is expressed in the intermyocardial interstitial cells of all chambers. Although the early expression pattern suggests that capsulin may be involved in the development of coronary arteries, in the adult, there is no expression in the smooth muscle of the coronary vessels proper.
It is particularly intriguing that capsulin shares high homology with the bHLH factor bHLH102C, which marks the visceral muscle cells that encircle the gut in Drosophila (Georgias et al., 1997) . The similarity in amino acid sequence and expression pattern raise the possibility that these factors play an evolutionarily conserved role in the control of organogenesis. Within the bHLH region, capsulin is also nearly identical to another novel bHLH factor that we refer to as CLP-1, which was also identified as an EST. We have not examined the expression pattern of CLP-1, but the CLP-1 ESTs were from melanocytes, which are derived from the neural crest and are of different embryonic origin from the cells that express capsulin. This suggests that the two genes exhibit different expression patterns.
Capsulin can heterodimerize with E12 and bind the E-box consensus sequence. We have attempted to determine whether capsulin can function as a transactivator. However, in transfection assays in 10T1/2 or COS cells, we have seen no evidence for its ability to transactivate a reporter gene linked to the right E-box of the MCK enhancer, which we showed can bind circulin/E12 heterodimers in vitro. A chimeric protein in which capsulin was fused to the DNA binding domain of yeast GAL4 also failed to activate transcription through the GAL4 binding site in yeast (data not shown). This does not rule out the possibility that capsulin may have transcriptional activity in certain cell backgrounds or that it cooperates with other transcription factors to activate a specific program of gene expression, as has been described for myogenic and neurogenic bHLH factors (Kaushal et al., 1994; Molkentin et al., 1995; Black et al., 1996) .
Given the well-documented roles of bHLH proteins in cell fate specification, differentiation and morphogenesis, it is likely that capsulin is involved aspects of organogenesis, cardiac development and coronary artery formation. Studies to define the functions of capsulin by targeted gene inactivation in mice are underway.
Materials and methods
Cloning and DNA sequencing
We screened the EST data base for potential open reading frames related to the bHLH region of dHAND. Multiple human and mouse cDNA sequences encoding two novel potential bHLH factors were identified. The accession numbers and library sources for one of these putative bHLH factors, referred to as capsulin, were AA028184 (human uterus), R22321 (human placenta), W73859 (human heart), AA027032 (human uterus) and R65626 (human placenta) and for the other, referred to as capsulin-like protein-1 (CLP-1), were N34205 (human melanocyte) and N31131 (human melanocyte). We obtained EST R65626 from Genome Systems (St. Louis, MO), sequenced it in its entirety, and used it to screen an embryonic day-15 mouse cDNA library (Clontech, Palo Alto, CA) to obtain full-length clones. Eleven positive clones were identified and sequenced and the conceptual open reading from of the encoded protein was deduced. All DNA sequencing was performed using an Applied Biosystems automated DNA sequencer.
In situ hybridization and autoradiography
Embryos were designated as 0.5 day post coitus at noon on the day the vaginal plugs were noted. Embryos were harvested and fixed in 4% paraformaldehyde overnight. Adult tissues were harvested from a mouse which had Fig. 8 . Capsulin binds DNA as a heterodimer with E12. Gel mobility shift assays were performed with in vitro translated capsulin and E12 as indicated and a 32 P-labeled probe corresponding to the right E-box from the MCK enhancer, as described in Section 4. Only the region of the gel containing the shifted probe is shown. In the presence of unprogrammed reticulocyte lysate, a non-specific complex is generated. E12 homodimers give rise to a single complex. Capsulin alone does not bind the probe. Capsulin plus E12 gives rise to a DNA-protein complex that migrates faster than the E12 homodimeric complex. All of the complexes were eliminated in the presence of a 100-fold excess of the unlabeled cognate site, but not of a non-specific competitor.
been perfused with 4% paraformaldehyde. Subsequently, they were immersion-fixed in 4% paraformaldehyde overnight. To assess the expression patterns of the capsulin transcript, in situ hybridization was performed by whole-mount hybridization as described by Srivastava et al., (1995) or on paraffin sections as outlined in Wilkinson et al., (1987) , with modifications described by Frohman et al., (1990) . Following prehybridization procedures, tissue sections were hybridized at 55°C with sense and antisense riboprobes, 7.5 × 10 5 cpm per slide. Following overnight incubation, unhybridized probe was removed through stringent washes and treatment with RNase A. Slides were subsequently coated with K.5 nuclear emulsion (Ilford, UK) and exposed at 4°C for 21 days. The slides were developed, counter-stained with hematoxylin, and examined using bright and dark field optics.
Northern blot analysis
A multiple tissue Northern blot from Clontech was hybridized with a 32 P-labeled probe made from EST clone R65626, using rapid-hyb buffer (Amersham, IL) according to manufacturer's instructions.
Gel mobility shift assays and in vitro translation
For gel mobility shift assays, the capsulin cDNA was cloned into pcDNAI (Invitrogen, CA) and was transcribed and translated together with E12 (Murre et al., 1989 ) using a coupled rabbit reticulocyte lysate transcription/translation system (Promega, Madison, WI). In vitro translation products were then used in gel mobility shift assays with a 32 P-labeled DNA probe corresponding to the right E-box from the MCK enhancer. The sequence of the probe was: 5′-GATCCAACACCTGCTGCCTGAG-3′. DNA-protein complexes were resolved on polyacrylamide gels, followed by autoradiography, as described in Brennan and Olson (1990) .
